Background and aims Determine if relationships between temperature, precipitation and foliar nitrogen isotopes (δ 15 N) observed in various ecosystems also operate in the high-cold Qinghai-Tibet Plateau; measure variation of foliar δ 
is a prerequisite for addressing this challenge (IPCC 2007) . Thus, investigations of effects of climate change on ecosystem carbon (C) and nitrogen (N) cycling are essential for understanding the response and adaptation of ecosystems to climate change. Consequently these investigations have become the leading fields and foci of climate change research. Foliar δ
15
N integrates several biogeochemical processes in ecosystem N dynamics. It has been demonstrated that it can serve as a proxy for terrestrial N cycling processes (Houlton et al. 2006; Mayor et al. 2014; Robinson 2001) . Thus foliar δ 15 N has been increasingly used in ecosystem N cycling studies to reveal patterns and controls of N cycling and to understand how N cycling responds to climate change (Craine et al. 2009; Houlton et al. 2006 Houlton et al. , 2007 .
Considerable research has investigated effects of environmental, and especially climate factors, on foliar δ 15 N. There is evidence that foliar δ 15 N declines with mean annual precipitation (MAP) (Amundson et al. 2003; Craine et al. 2009; Peri et al. 2012; Swap et al. 2004 ). Craine et al. (2009) found that this pattern applied to non-legumes but not legumes. Although most studies have found that foliar δ 15 N increases with mean annual temperature (MAT) (Amundson et al. 2003; Liu et al. 2007) , some studies have found that the relationship between foliar δ 15 N and MAT is not a simple linear function. On the global-scale, Craine et al. (2009) found that foliar δ 15 N increased or was invariant respectively with increasing MAT across sites with MAT ≥ −0.5°C and MAT < −0.5°C. At Dongling Mountain, Beijing, Liu et al. (2010) found that plant δ 15 N decreased and increased respectively with MAT below and above 3.5°C.
Previous studies have made considerable progress in understanding patterns and controls of foliar δ 15 N. However, these studies have been performed mainly in warm regions and for forest ecosystems Houlton et al. 2006 Houlton et al. , 2007 Peri et al. 2012 ). There have been only a few studies for grassland ecosystems and particularly those of cold high-altitude regions. Yang et al. (2013) have conducted relevant research on the Tibetan Plateau but further research is needed on aspects they did not consider. They considered only MAT and MAP as climatic controllers of foliar δ 15 N, and did not consider other altitude related factors. Altitudinal gradients provide unique opportunities to study the integrative effects of environmental factors and to determine which factors most affect plant δ 15 N. For climate factors, not only MAT and MAP but also atmospheric pressure (correspondingly atmospheric CO2 and O2 concentrations) changes with altitude, and this change is more obvious in high-altitude regions. Atmospheric CO 2 concentration has been shown to have an important role in controlling the ecosystem N cycling by influencing N availability and gaseous N loss (Gill et al. 2002) , and consequently plant δ 15 N (Bassirirad et al. 2003) .
Further, Yang et al. (2013) MAP and MAT; and (3) to identify the key climate controls of foliar δ 15 N on the QinghaiTibet Plateau in order to improve prediction of effects of climate change on the ecosystem N cycles of the Plateau's grasslands.
Methods

Study area
Plant samples for determining foliar δ 15 N were obtained from 82 grassland sites along northeast-southwest transects on the Qinghai-Tibet Plateau (Fig. 1) .
The Qinghai-Tibetan Plateau, the largest and highest plateau of the Earth, is 2.5 million km 2 in area, has an average elevation of about 4500 m and an alpine climate with severe long winters and short cool summers. MAP ranges from 100 to 800 mm, and MAT mainly ranges between −6 and 9°C. Altitude of the Plateau increases from northeast to southwest and consequently atmospheric pressure decreases in the same direction. Grassland types of the Plateau are, in transition from east to west, alpine meadow, alpine meadow steppe, alpine steppe, alpine desert steppe and alpine desert. The main dominant species are the sedges Kobresia pygmaea, Kobresia tibetica, and Kobresia humilis, the grass Stipa purpurea, and the shrub Dassiphora fruticosa. The soils are simple, zonal types with alpine cold desert, alpine steppe and meadow soils the most widespread. N with TEM8 and PRE8 having potential breakpoints, piecewise linear regressions were used to fit these relationships.
To determine whether relationships between foliar δ 15 N and altitude were induced by temperature and precipitation and whether there were other factors except temperature and precipitation having an effect on altitude pattern of foliar δ Table 1 . Independently of environmental factors, foliar δ 15 N of legumes was significantly lower than that of non-legume families, whereas there were no significant differences between nonlegume families except "other families". Considering the significant difference between foliar δ 15 N of legumes and other non-legume families, legumes were excluded when comparing foliar δ 15 N among lifeforms and classes. Independently of habitat, foliar δ 15 N of graminoids was significantly higher than that of forbs, whereas foliar δ (Fig. 3a ). For sites with TEM8 < 9.95°C, foliar δ 15 N showed no trend with TEM8, whereas foliar δ 15 N increased linearly with TEM8 at a rate of 1.274 ‰°C -1 when TEM8 ≥ 9.95°C (Fig. 3a) . Temperature patterns of foliar δ 15 N differed among life-forms (Fig. 3b~d) . Graminoids had similar temperature patterns to C 3 species, with a breakpoint at 9.83°C (Fig. 3b) N increased with PRE8, however this trend was not significant (Fig. 4a) . As with temperature patterns, precipitation patterns of foliar δ 15 N also differed among PFGs. Graminoids had similar precipitation patterns to C 3 species, with a breakpoint at 142.49 mm (Fig. 4b) . Foliar δ 15 N of forbs significantly decreased with PRE8 (Fig. 4c) , but foliar δ 15 N of shrubs showed no trend with PRE8 (Fig. 4d) .
GLM analyses showed that temperature and precipitation together explained 33.5, 29.9, 19.1 and 72.8 % of the variation of foliar δ 15 N for C 3 species, graminoids, forbs and shrubs, respectively, with the largest proportion contributed by TEM8 for C 3 species (23.58 %), graminoids (17.57 %), and shrubs (72.79 %), and by PRE8 for forbs (10.55 %) ( Table 2) (Fig. 5a, c and g ), but the relationship between foliar δ 15 N and altitude for forbs was not significant (Fig. 5e ). However, after accounting for variation in foliar δ 15 N explained by temperature and precipitation, there were still significant negative relationships between altitude Fig. 5b and d) , but there were no significant correlations between altitude and residual foliar δ 15 N for forbs and shrubs ( Fig. 5f and h ). These results indicate that apart from temperature and precipitation, there are other factors related to altitude that affect foliar δ The mean value (4.9 ‰) of plant δ 15 N in our study was higher than that of 2.4 ‰ obtained by Yang et al. (2013) on the Qinghai-Tibet Plateau. An explanation for this is that our study used leaves only whereas Yang et al. used all aboveground tissues including both leaves and stems. Previous research has indicated that intra-plant δ 15 N variation was significant due to organ-specific loss of nitrogen, and resorption and reallocation of nitrogen (Evans 2001) . Some research has shown that foliar δ 15 N content can be 3~7 ‰ higher than that of roots. It has been suggested that this is because N available for leaf assimilation is enriched relative to root as it originates from a pool that has already been exposed to root assimilation (Evans et al. 1996; Yoneyama and Kaneko 1989) . Codron et al. (2005) observed that foliar δ Chen et al. (2013) suggested that the Qinghai-Tibetan Plateau has experienced significant warming at the rate of 0.2°C per decade since 1960, and that the warming trend has even intensified since 2000. In addition, we have confirmed that foliar δ 15 N of C 3 species increased with TEM8 at 1.274 ‰°C -1 across sites with TEM8 ≥ 9.95°C on the Qinghai-Tibet Plateau (Fig. 3a) . However, we suggest that sampling period is just a secondary explanation, as the increase of foliar δ 15 N induced by warming is much less than the difference between our result and that of Yang et al. (2013) .
Although the difference between foliar δ 15 N of legumes and non-legumes is not consistent (Codron et al. 2005) , we found that foliar δ 15 N of legumes is markedly lower than that of non-legumes. One possible explanation is that legumes obtain nitrogen (N) mainly by symbiotic N 2 fixation, and the effect of discrimination against Our observation that foliar δ 15 N of graminoids is higher than that of forbs (Table 1) is similar to that of previous studies, e.g., Dijkstra et al. (2003) found that foliar δ 15 N of grasses was higher than that of forbs in a meadow on the San Francisco Peaks near Flagstaff, Arizona. Moreover, Yang et al. (2015) found that foliar δ 15 N of the sedge Carex sempervirens was higher than that of the forbs Geum montanum and Homogyne alpina across 11 sampling sites in the Swiss Alps. Foliar δ GLMs that included temperature and precipitation variables. (a, b) C 3 species; (c, d) graminoids; (e, f) forbs; (g, h) shrubs of shrubs was higher than forbs and graminoids, although the differences were not significant perhaps due to greater variation of foliar δ 15 N for shrubs (Table 1) N invariant across sites with low temperature but significantly increasing with temperature across warmer sites ( Fig. 3a and b ) was in concordance with the global pattern obtained by Craine et al. (2009) . It is relevant to note that the relationships we observed were between foliar δ 15 N and TEM8, whereas the relationship obtained by Craine et al. (2009) N being invariant at low temperatures, as there is little fractionation during DON solubilization and its loss should not lead to enrichment of the available N pool. We suggest this as an explanation for our observation that foliar δ 15 N is invariant across sites with TEM8 < 9.95°C for C 3 species and TEM8 < 9.83°C for graminoids, although we do not have direct evidence that DON was the dominant form of N loss from the N pool at these sites. In addition, foliar δ 15 N increase with temperature has been attributed to increasing rates of gaseous N loss through ammonium volatilization, nitrification and denitrification with increasing temperature (Amundson et al. 2003; Craine et al. 2009 ). Clearly, future research determining nitrification and denitrification across temperature gradients could provide new insights into patterns of foliar δ 15 N associated with increasing temperature. Yang et al. (2013) found no significant trend between vegetation δ 15 N and temperature on the Qinghai-Tibet Plateau. They attributed the inconsistency between their observation and previously reported temperature patterns to the narrow temperature range (MAT: −3 to 5°C) of their study, and suggested that the relationship between foliar δ 15 N and MAT becomes weaker as the temperature range narrows. However, we consider that temperature range is just a secondary reason as our study area and temperature range were similar to those of Yang et al. (2013) . Thus we suggest the different sampling strategies of the two studies as the main reason. Differing from ours and previous studies in which only leaf samples were analyzed, Yang et al. (2013) N of forbs decreased with precipitation agrees with previous findings (Amundson et al. 2003; Craine et al. 2009; Peri et al. 2012; Swap et al. 2004 ). However, foliar δ 15 N of C 3 species significantly decreased with precipitation when PRE8 < 145.7 mm, and showed no trend with precipitation when PRE8 ≥ 145.7 mm (Fig. 4a ). An explanation is that gaseous N loss (such as ammonium volatilization and gaseous N loss through nitrification and denitrification) was the dominant form of N pool loss in sites with PRE8 < 145.7 mm, and rates of gaseous N loss decreased with precipitation (Houlton et al. 2006) , whereas leaching of nitrate was the dominant form of N pool loss for sites with PRE8 ≥ 145.7 mm. Although discrimination does not occur during leaching, discrimination is significant during nitrification (Handley and Raven 1992) . Thus leaching of nitrate causes 15 N enrichment of the soil N pool and this effect increases with precipitation. Across sites with high precipitation, leaching of nitrate offsets the effect of gaseous N loss on soil and foliar δ N decreased with increased altitude was consistent with most previous studies, and this trend was mostly accounted for by temperature and precipitation effects on foliar δ 15 N by their influence on soil N availability and rates of gaseous N losses (Averill and Finzi 2011; Liu et al. 2007; Sah and Brumme 2003) . This is the case for shrubs (Fig. 5g and h ). However, after precipitation and temperature were taken into account, altitude still exerted an effect on foliar δ 15 N for C 3 species and graminoids ( Fig. 5b and d) .
N
While acknowledging dominating influences of precipitation and temperature related to altitude, atmospheric CO 2 concentration even more inherently changes with altitude. Previous studies show that atmospheric CO 2 concentrations have effects on key processes of the N cycle and soil N availability (Gill et al. 2002; Horz et al. 2004; Taylor and Ball 1994; Zak et al. 1993) . Although the effect of elevated atmospheric CO 2 concentration on soil N availability has been controversial, with some showing increasing (Taylor and Ball 1994; Zak et al. 1993 ) and some decreasing (Gill et al. 2002; Horz et al. 2004; Billings et al. 2002) responses, the predominant pattern has been that elevated CO 2 decreases soil N availability. Bassirirad et al. (2003) found that foliar δ 15 N decreased with elevated CO 2 whereas Billings et al. (2002) observed the converse response. From these contradictory results, based on the declining trend of foliar δ 15 N with increased altitude (Fig. 5) , and inferred decreased CO 2 concentration, that we observed, it cannot be conclusively concluded that atmospheric CO 2 concentration is a key driving factor for the altitudinal pattern of foliar δ 
Conclusions
In examining relationships between foliar δ 15 N and temperature and precipitation, this study has established that these relationships are better defined using climate data during peak annual growth, and in some instances by piecewise linear regression. It has also shown that PFGs differ in their foliar δ 15 N relationships with climate factors. The study indicates that further systematic study of hydrologic and gaseous N losses, mycorrhizal associations and plant N metabolic processes across climate gradients are needed to provide new insights into the determination of variation of foliar δ 15 N linked with temperature and precipitation in order to understand the basis of differences of these patterns. In particular there is a specific need to identify factors other than temperature and precipitation, e.g., soil pH and texture, atmospheric gas concentrations and mycorrhizal associations, which may determine the reduction of foliar δ 15 N of C 3 species and graminoids as altitude increases in the uniquely high altitude Qinghai-Tibet region. 
